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ABSTRACT Human immunodeficiency virus type 1 (HIV-1), the causative agent of
AIDS, originated from simian immunodeficiency virus from chimpanzees (SIVcpz), the
precursor of the human virus, approximately 100 years ago. This indicates that HIV-1
has emerged through the cross-species transmission of SIVcpz from chimpanzees to
humans. However, it remains unclear how SIVcpz has evolved into pandemic HIV-1
in humans. To address this question, we inoculated three SIVcpz strains (MB897,
EK505, and MT145), four pandemic HIV-1 strains (NL4-3, NLCSFV3, JRCSF, and AD8),
and two nonpandemic HIV-1 strains (YBF30 and DJO0131). Humanized mice infected
with SIVcpz strain MB897, a virus phylogenetically similar to pandemic HIV-1, exhib-
ited a peak viral load comparable to that of mice infected with pandemic HIV-1,
while peak viral loads of mice infected with SIVcpz strain EK505 or MT145 as well
as nonpandemic HIV-1 strains were significantly lower. These results suggest that
SIVcpz strain MB897 is preadapted to humans, unlike the other SIVcpz strains. More-
over, viral RNA sequencing of MB897-infected humanized mice identified a nonsyn-
onymous mutation in env, a G413R substitution in gp120. The infectivity of the
gp120 G413R mutant of MB897 was significantly higher than that of parental
MB897. Furthermore, we demonstrated that the gp120 G413R mutant of MB897
augments the capacity for viral replication in both in vitro cell cultures and human-
ized mice. Taken together, this is the first experimental investigation to use an ani-
mal model to demonstrate a gain-of-function evolution of SIVcpz into pandemic
HIV-1.

IMPORTANCE From the mid-20th century, humans have been exposed to the menace
of infectious viral diseases, such as severe acute respiratory syndrome coronavirus, Ebola
virus, and Zika virus. These outbreaks of emerging/reemerging viruses can be triggered
by cross-species viral transmission from wild animals to humans, or zoonoses. HIV-1, the
causative agent of AIDS, emerged by the cross-species transmission of SIVcpz, the HIV-1
precursor in chimpanzees, around 100 years ago. However, the process by which SIVcpz
evolved to become HIV-1 in humans remains unclear. Here, by using a hematopoietic
stem cell-transplanted humanized-mouse model, we experimentally recapitulate the evo-
lutionary process of SIVcpz to become HIV-1. We provide evidence suggesting that a
strain of SIVcpz, MB897, preadapted to infect humans over other SIVcpz strains. We fur-
ther demonstrate a gain-of-function evolution of SIVcpz in infected humanized mice.
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Our study reveals that pandemic HIV-1 has emerged through at least two steps: pread-
aptation and subsequent gain-of-function mutations.

KEYWORDS HIV-1, SIVcpz, cross-species transmission, humanized mouse, viral
evolution

Humans are susceptible to the threat of emerging/reemerging infectious diseases,
which are usually caused by viruses. For instance, West African countries recently

suffered from an outbreak of Ebola virus in 2014 to 2015 (1–5). These outbreaks are
examples of emerging viruses that can be transferred from animals to humans via
cross-species transmission or zoonosis. In fact, it has been estimated that approximately
60% of emerging infectious diseases originate as zoonoses and that the majority
(71.8%) are brought from wildlife (6).

For successful cross-species transmission, pathogens must overcome several hurdles
to infect a new host species, as they must (i) be encountered by, exposed to, and
transferred to the host; (ii) be taken up by the host; (iii) establish infection in the host;
(iv) fully adapt to and propagate within the host through acquiring mutations (if
needed); and finally, (v) be able to transmit efficiently between the hosts of the new
species (for reviews, see references 7 to 9). AIDS, caused by infection with human
immunodeficiency virus type 1 (HIV-1), emerged in the 20th century as one of the worst
infectious diseases (10, 11). Previous studies have reported that HIV-1 emerged through
the cross-species transmission of simian immunodeficiency virus (SIV) in Central African
chimpanzees (Pan troglodytes troglodytes) (SIVcpzPtt) to humans (12–17). Only two
SIVcpzPtt viruses have successfully invaded the human population: HIV-1 group M (for
“major” or “main”; HIV-1M) and group N (for “new” or “non-M”; HIV-1N) (12). The limited
number of chimpanzee-to-human cross-species transmission events implies that
certain factors have affected the efficiency/probability with which SIVcpzPtt infects
humans. Moreover, although over 70 million people have been infected with
HIV-1M thus far, indicating a pandemic (UNAIDS, WHO; http://www.unaids.org),
fewer than 20 patients, mainly in Cameroon, have been reported as infected with
HIV-1N (18, 19). However, how certain SIVcpzPtt viruses succeeded in the chimpanzee-
to-human transmission and how HIV-1M was established as a pandemic pathogen in
the decades immediately following its transfer to humans remain largely unknown.

Cellular antiviral proteins called restriction factors play pivotal roles as species-
specific barriers to cross-species viral transmission and limit viral spread into new hosts
(20). A series of restriction factors have been identified in primate lentivirus infections,
including APOBEC3 (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like
3) (21) and tetherin (also known as bone marrow stromal antigen 2 [BST2]) (22, 23). To
overcome the species-specific barriers mediated by host proteins, primate lentiviruses
have evolutionarily acquired mechanisms of overcoming these restriction factors. Viral
infectivity factor (Vif) counteracts the antiviral actions of APOBEC3 proteins (e.g.,
APOBEC3F and APOBEC3G), while viral protein U (Vpu) and/or negative factor (Nef)
antagonizes tetherin-mediated antiviral effect (for reviews, see references 24 to 27).
Particularly, the Vpu of HIV-1M, but not those of SIVcpz or the other types of HIV-1,
antagonizes human tetherin (28–30), suggesting that the Vpu-mediated antitetherin
ability is crucial for increasing viral fitness and the efficiency of human-to-human viral
spread (31). However, although SIVcpzPtt is partially capable of replicating in human
tissue cultures (32) and a humanized-mouse model (33), the process by which SIVcpzPtt
evolved to become HIV-1 in humans remains unclear. Moreover, although a recent
study by Yuan et al. used a bone marrow/liver/thymus (BLT)– humanized-mouse model
for SIVcpz infection and detected a nonsynonymous mutation in env in SIVcpz-infected
humanized mice (33), the virological significance of this mutation has not been
addressed.

To recapitulate and characterize HIV-1 replication and pathogenesis that occurs
naturally in humans, we have established an in vivo model of human hematopoietic
stem cell-transplanted humanized mice (34–37). The humanized mice are able to
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reproduce the characteristics of HIV-1 pathogenesis in humans, such as the gradual
decrease of peripheral human CD4� T cells (34–37). Moreover, we previously investi-
gated the interplay between viral and host proteins involved with viral replication in
this mouse model (37–42). Here, we further employ this humanized-mouse model to
experimentally reproduce the adaptive evolutionary process of SIVcpzPtt to infect
humans. First, we show that the replication efficacy of SIVcpzPtt strain MB897,
which is phylogenetically closest to HIV-1M, is significantly higher than those of the
other SIVcpzPtt strains in humanized mice, particularly during the initial phase of
infection. Moreover, we detected a nonsynonymous mutation, G413R, in the env
gene of SIVcpzPtt strain MB897 from infected humanized mice and demonstrate
that the G413R mutation increases viral fitness in vitro and in vivo by augmenting
viral infectivity. This is the first investigation to experimentally demonstrate the
dynamics of the cross-species, adaptive evolution of SIVcpz to infect humans using
an animal model.

RESULTS
Preadaptation of SIVcpzPtt in humanized mice. To investigate the evolution of

SIVcpz, we included in our study four strains of HIV-1M (strains NL4-3, NLCSFV3, JRCSF,
and AD8), two strains of HIV-1N (strains YBF30 and DJO0131), and three strains of
SIVcpzPtt (strains MB897, EK505, and MT145). Figure 1A illustrates a phylogenetic tree
of HIV-1 and SIVcpz strains, and some of their characteristics are summarized in Fig. 1B
(similarities between these viruses are also summarized in Fig. 1D). As previously
reported (12, 32, 43), SIVcpzPtt MB897 and EK505 are phylogenetically similar to HIV-1M
and HIV-1N, respectively, while there are no HIV-1 strains related to SIVcpzPtt MT145
(Fig. 1A). Infectious molecular clones (IMCs) of these viruses, except for HIV-1N YBF30,
were transfected into human embryonic kidney 293T (HEK293T) cells, and the super-
natant, containing virus, was collected for use in subsequent experiments. A prepara-
tion of HIV-1N YBF30 was prepared by expanding the virus in a culture of phytohem-
agglutinin (PHA)-activated human peripheral blood mononuclear cells (PBMCs). As
shown in Fig. 1C, TZM-bl indicator cells were used to measure viral infectivity, which
demonstrated that HIV-1N and SIVcpzPtt strains had infectivities comparable to those
of HIV-1M strains and that the infectivity of SIVcpzPtt MB897 was lowest among the
SIVcpzPtt strains.

Humanized mice were inoculated with the virus preparations, and then the viral RNA
(vRNA) in the plasma and the number of human CD4� T cells (determined as CD45�

CD3� CD4� cells) in the peripheral blood (PB) were longitudinally monitored until 15
weeks postinfection (wpi). As shown in Fig. 2A, the vRNA levels of the mice infected
with either the HIV-1N or the SIVcpzPtt strain were significantly lower than those of
mice infected with one of the HIV-1M strains. Although HIV-1M-infected mice showed
a gradual and significant decrease in the number of peripheral human CD4� T cells
compared to that of mock-infected mice, the mice infected with either an HIV-1N or an
SIVcpzPtt strain maintained relatively constant numbers of these cells. A partial de-
crease in the number of peripheral CD4� T cells was observed in SIVcpzPtt MB897-
infected mice after 12 wpi (Fig. 2B). These findings suggest that the viral replication
capacity and pathogenicity of HIV-1M strains are greater than those of the other viruses,
including HIV-1N and SIVcpzPtt strains, in a humanized-mouse model.

To further explore the characteristics of viral replication and pathogenicity, we
longitudinally assessed vRNA until 15 wpi. As shown in Fig. 2C, mice infected with each
of the four HIV-1M strains, two HIV-1N strains, or SIVcpzPtt MB897 had similar maximum
vRNA levels (P � 0.25 by the Kruskal-Wallis test), while the maximum vRNA level in
SIVcpzPtt EK505-infected mice was significantly lower than those of HIV-1M- and
SIVcpzPtt MB897-infected mice. In addition, although a significant proportion of virus-
producing (i.e., Gag-positive) cells were found in the spleens of infected mice at 15 wpi,
the proportions did not differ depending on the type of virus used for inoculation (Fig.
2D). Unlike with the PB (Fig. 2B), significant decreases in the number of splenic human
CD4� T cells were observed in all infected mice at 15 wpi (Fig. 2E). Moreover, it was of
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interest that the level of acute vRNA of SIVcpzPtt MB897 was comparable to those of
HIV-1M strains (P � 0.20 by the Mann-Whitney U test) and was significantly higher than
those of HIV-1N strains (P � 0.0086 by the Mann-Whitney U test) and the other two
SIVcpzPtt strains (P � 0.0086 versus EK505; P � 0.0077 versus MT145) (Fig. 2F).

Next, we assessed each of the aforementioned parameters for correlation with viral
replication capacity and/or pathogenicity using the nonparametric Spearman rank
correlation test. Notably, two of the parameters, acute vRNA and minimum CD4� T cell
numbers in PB, were significantly correlated using this method (Fig. 3A). Additionally,
SIVcpzPtt MB897 displayed parameters similar to those of strains of HIV-1M (Fig. 3B and
C). Taken together, these data indicate that the replication capacity and pathogenicity
of SIVcpzPtt MB897 are more similar to those of HIV-1M strains than those of the other
SIVcpzPtt strains tested (EK505 and MT145). These results further suggest that SIVcpzPtt
MB897 has preadapted to infect humans relatively more than the other SIVcpzPtt
strains.

De novo mutations of SIVcpzPtt in humanized mice. To address whether
SIVcpzPtt viruses acquired some mutations in infected humanized mice, we ana-
lyzed the full-length sequence of vRNA in the plasma of SIVcpzPtt-infected mice at

FIG 1 Evolutionary relationship of HIV-1 and SIVcpz. (A) Phylogenetic tree of HIV-1 and SIVcpz. The amino acid sequences of nine viral proteins (Gag, Pol, Vif,
Vpr, Tat, Rev, Vpu, Env, and Nef) were concatenated and aligned as described in Materials and Methods. The GenBank accession numbers of the HIV/SIVcpz
sequences used in this analysis are listed in Table 3. The tree was constructed using the maximum-likelihood method. Bootstrap values are represented on each
node. The virus strains used in this study are shown in bold in individual colors. The scale bar indicates 0.2 amino acid substitutions per site. Ptt, Pan troglodytes
troglodytes; Pts, Pan troglodytes schweinfurthii. (B) HIV-1 and SIVcpz used in this study. NA, not applicable (71). The Env V3 region of NL4-3 was swapped with
that of JRCSF. (C) TZM-bl cell assay. One microgram of each IMC, except for YBF30, was transfected into HEK293T cells. Forty-eight hours posttransfection, the
culture supernatant was harvested as virus supernatant (for more detail, see Materials and Methods). The amount of viral particles was quantified by p24 ELISA,
and the infectivity of each virus was determined using the TZM-bl cell assay. The assay was performed in triplicate, and averages with SDs are shown. The virus
supernatant of YBF30 was prepared as described in Materials and Methods. (D) The percentages of similarity between the viruses are summarized.
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FIG 2 Dynamics of SIVcpzPtt infection in humanized mice. (A and B) The virus supernatants containing 5 ng of p24 antigen (from HIV-1M JRCSF [n � 5], HIV-1M
AD8 [n � 6], HIV-1N YBF30 [n � 6], HIV-1N DJO0131 [n � 12], SIVcpzPtt MB897 [n � 10], SIVcpzPtt EK505 [n � 9], and SIVcpzPtt MT145 [n � 7]) or RPMI 1640
(n � 8; for mock infection) were inoculated into humanized mice, and the amount of vRNA in the plasma (A) and the level of peripheral human CD4� T cells
(CD45� CD3� CD4� cells) (B) were analyzed at 0, 1, 2, 3, 5, 7, 9, 12, and 15 wpi. Each average with SEM is shown as a dot with an error bar, and the values
from each mouse are shown by lines. x axes, numbers of weeks postinfection. (A) The detection limit of HIV-1 RNA is 800 copies/ml plasma. (C to F) Virological
features of infected mice at 15 wpi. (C and F) Maximum vRNA by 15 wpi (C) and acute vRNA (i.e., vRNA at 2 wpi) (F) are shown. The values from each infected
mouse are shown by dots. The horizontal bars represent averages with SEMs. (C) Filled dots represent the results newly obtained in this study, while open dots
in the HIV-1M section (strains NL4-3, NLCSFV3, JRCSF, and AD8) represent the results from our previous studies (34, 38–41). (D and E) Dynamics of SIVcpzPtt
infection in the spleens of humanized mice. (D) The levels of virus-infected cells (i.e., Gag-positive cells) in the spleens of mice infected with HIV-1M JRCSF (n �
5), HIV-1M AD8 (n � 5), HIV-1N YBF30 (n � 4), HIV-1N DJO0131 (n � 7), SIVcpzPtt MB897 (n � 7), SIVcpzPtt EK505 (n � 8), and SIVcpzPtt MT145 (n � 8) and
of mock-infected mice (n � 11) were analyzed by flow cytometry. (E) The numbers of human CD4� T cells in the spleens of mice infected with HIV-1M JRCSF
(n � 5), HIV-1M AD8 (n � 6), HIV-1N YBF30 (n � 6), HIV-1N DJO0131 (n � 10), SIVcpzPtt MB897 (n � 8), SIVcpzPtt EK505 (n � 9), and SIVcpzPtt MT145 (n �
8) and of mock-infected mice (n � 11) were analyzed by flow cytometry. (A to C and F) Statistically significant differences were determined with the
Mann-Whitney U test and are represented as follows: double dagger, P was �0.05 versus mock-infected mice; blue asterisk, P was �0.05 versus HIV-1M; and
red asterisk, P was �0.05 versus SIVcpzPtt MB897. (D and E) Asterisks indicate statistically significant differences (P � 0.05 by the Mann-Whitney U test) from
mock-infected mice. NS, no statistical significance.
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15 wpi. As shown in Fig. 4A, certain mutations were detected in all SIVcpzPtt-
infected mice. For instance, some nonsynonymous mutations were detected in the
regions encoding Vif (Fig. 4A). However, consistently with previous studies (44–46),
the Vif proteins of SIVcpzPtt strains used in this study were efficiently capable of
counteracting human APOBEC3F and APOBEC3G (Fig. 4B). These results suggest
that no mutations are required for SIVcpzPtt Vif to degrade antiviral human
APOBEC3 proteins in vivo.

As shown in Fig. 4A (indicated with a red asterisk), all SIVcpzPtt MB897-infected mice
exhibited a common mutation in the region encoding Env. This nonsynonymous
mutation is G7032A at the nucleotide level, which corresponds to the glycine (G)
positioned at amino acid 413 of gp120 being replaced with arginine (R) (gp120 G413R).
This residue is located in the C4 region of gp120, and a structure homology model of
SIVcpzPtt MB897 gp120 predicted that this residue is exposed on the surface of the
protein (Fig. 4C).

The gp120 G413R mutation was found in all three SIVcpzPtt MB897-infected mice
analyzed (Fig. 4A) and in a previous study by Yuan et al. (33). Therefore, we assumed
a benefit of this nonsynonymous mutation for virus infection. To address this hypoth-
esis, we prepared an IMC of SIVcpzPtt MB897 with the G413R mutation and then
assessed its infectivity using the TZM-bl cell assay. Notably, the infectivity of the virus
containing the gp120 G413R mutation was significantly (approximately 3.9-fold) higher
than that of the parental virus (Fig. 4D), suggesting that the G413R substitution is
advantageous for SIVcpzPtt MB897 in infecting humans.

Importance of augmenting infectivity and the ability to antagonize tetherin in
vitro and in vivo. To investigate the effect of mutation/evolution in SIVcpzPtt on its

FIG 3 Correlation between acute vRNA and CD4� T cell decrease. (A) Correlation between virological parameters.
The statistical values (P values and the absolute values of Spearman’s rank correlation coefficient [rs]) between the
two virological parameters shown in Fig. 1C and 2 are summarized. (B and C) Correlation between acute vRNA level
and CD4� T cell decrease. The minimum CD4� T cell decrease by 15 wpi (y axes) and acute vRNA level (i.e., plasma
vRNA at 2 wpi) (x axes) are shown. The averages with SEMs (B) and the result from each mouse infected with
HIV-1M AD8 (n � 6), HIV-1N YBF30 (n � 6), HIV-1N DJO0131 (n � 12), SIVcpzPtt MB897 (n � 10), SIVcpzPtt EK505
(n � 9), and SIVcpzPtt MT145 (n � 7) (C) are shown. The lines represent exponential approximation. Spearman’s
rank correlation coefficient (rs) was adopted to determine a statistically significant correlation between each value.
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replication capacity in human cells, we prepared two more derivatives of SIVcpzPtt
MB897 in addition to the gp120 G413R mutant (Fig. 5A). The M30R substitution in viral
MA has been reported to augment the replication kinetics of SIVcpzPtt in ex vivo human
tonsil histoculture (32). In addition, SIVcpzPtt Vpu is incapable of counteracting human-
tetherin-mediated antiviral action (24, 25). Consistently with previous findings (25, 29),
we confirmed that SIVcpzPtt Vpu downregulates human CD4 but not human tetherin
but that HIV-1M Vpu potently downregulates both of these proteins (Fig. 5B and C). We
have previously demonstrated that HIV-1M Vpu augments viral dissemination in our
humanized-mouse model (39, 47). To directly evaluate the effect of the antitetherin
ability of Vpu on viral propagation in vivo, we prepared an SIVcpzPtt MB897 derivative
that incorporates the transmembrane domain of HIV-1M (strain NL4-3) Vpu and is
designated MB897 NLvpuTM, in accordance with a previous report (28). As shown in

FIG 4 Emergence of SIVcpzPtt derivatives in infected humanized mice. (a) Full-length vRNA in the plasma of mice infected with SIVcpzPtt MB897 (n � 3),
SIVcpzPtt EK505 (n � 2), and SIVcpzPtt MT145 (n � 2) at 15 wpi was sequenced. Briefly, vRNA was isolated from the plasma of infected mice at 15 wpi, and
cDNA was generated. Then, the 11 DNA fragments represented in the figure (fragments A to K) were obtained by RT-PCR using the primers listed in Table 2.
Mouse identification numbers are shown on the left of each sequence and are identical to those in Table 1. The mutation g7032a (gp120 G413R) is indicated
by a red asterisk. (B) Activity of SIVcpzPtt Vif to counteract human APOBEC3 proteins. The expression plasmids for SIVcpzPtt Vif or HIV-1M NL4-3 Vif (as a positive
control) were cotransfected with pNL4-3Δvif and either APOBEC3F or APOBEC3G expression plasmids into HEK293T cells. (Top) TZM-bl cell assay. The infectivity
of released virus was determined using TZM-bl cells. The assay was performed in triplicate. The data represent averages with SDs. (Bottom) Western blot. The
input of cell lysate was standardized to �-tubulin (TUBA), and representative results are shown. (C) Structural homology model of SIVcpzPtt MB897 gp120 and
its G413R derivative. The structure model of gp120 of SIVcpzPtt MB897 (top) and its point mutant, MB897 gp120 G413R (bottom), were generated by homology
modeling via the SWISS-Model Server Program based on the crystal structure of the gp120 of HIV-1 clade C strain ZM176.66 (PDB accession number 4JST) as
a template. The surface model (left) and cartoon model (middle) of parental MB897 gp120 and its G413R mutant are shown. The residue at position 413 is
indicted in red (G413, top) or blue (R413, bottom). The boxed regions in the middle panels are enlarged in the right panels. (D) TZM-bl cell assay. One microgram
of the IMCs of SIVcpzPtt MB897 (parental MB897) and its derivative (MB897 gp120 G413R) was individually transfected into HEK293T cells. Forty-eight hours
posttransfection, the culture supernatant was harvested as virus preparation (for more detail, see Materials and Methods). The amount of viral particles was
quantified by p24 ELISA, and the infectivity of each virus was determined with a TZM-bl cell assay. This assay was performed in triplicate, and averages with
SDs are shown. *, P � 0.05 by Student’s t test.
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Fig. 5D and E, the SIVcpzPtt MB897 NLvpuTM mutant potently downregulated human
tetherin from the surfaces of infected cells. In addition, the amount of released viral
particles of this derivative was significantly higher than that of the parental virus (Fig.
5E, right panel), suggesting that the MB897 NLvpuTM derivative acquires the ability to
antagonize human tetherin.

Using three IMCs of SIVcpzPtt MB897 derivatives, MB897 MA M30R, MB897
NLvpuTM, and MB897 gp120 G413R, as well as their parental IMC (Fig. 5A), we prepared
virus supernatants by transfecting their plasmids into HEK293T cells and evaluated their
infectivities in vitro. As shown in Fig. 5F, the TZM-bl cell assay showed that the

FIG 5 Functional analysis of SIVcpzPtt MB897 derivatives. (A) Scheme of the SIVcpzPtt MB897 derivatives used in this assay. The nucleotide numbers, which are
based on the database (accession no. JN835461), are represented in parentheses in gray. (B and C) Activity of SIVcpzPtt Vpu to down-modulate human CD4
and tetherin proteins. Vesicular stomatitis virus Gag (VSVg)-pseudotyped HIV-1M and SIVcpzPtt solutions were inoculated into MT-4 cells at an MOI of 0.1.
Forty-eight hours postinfection, the levels of surface CD4 and tetherin on Gag-positive cells were analyzed by flow cytometry. Representative dot plots (B) and
a summary of mean fluorescent intensities (MFI) (C) are shown. (D) Activity of MB897 NLvpuTM to downregulate human tetherin protein. One microgram of
the IMCs of SIVcpzPtt MB897 (pMB897) and MB897 NLvpuTM (pMB897 NLvpuTM) was individually transfected into HeLa cells. Forty-eight hours posttransfection,
the level of surface tetherin on Gag-positive cells and the percentage of Gag-positive cells were analyzed by flow cytometry. Representative dot plots (D) and
a summary (E) are shown. The amount of released viral particles in the culture supernatant was quantified by p24 ELISA, and the results are shown in the right
portion of panel D. (F) TZM-bl cell assay. One microgram each of the IMCs of SIVcpzPtt MB897 and its derivatives were individually transfected into 293T cells.
Forty-eight hours posttransfection, the culture supernatant was harvested as the virus preparation. The amount of viral particles was quantified by p24 ELISA,
and the infectivity of each virus was determined using the TZM-bl cell assay. The value of parental MB897 was set to 100 to facilitate comparison. This assay
was performed in triplicate, and averages with SDs are shown. (G and H) Viral replication assay in activated human CD4� T cell culture. (G) PHA-activated human
PBMCs were infected with each virus at an MOI of 0.1, and the amount of viral Gag in the culture supernatant was quantified. Dpi, days postinfection; NS, no
statistical significance. (H) Cumulative amount of viral Gag. The assay was performed in triplicate, and averages with SDs are shown. (E, G, and H) *, P � 0.05
versus the value in parental MB897 (by Student’s t test).
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infectivities of the MA M30R and gp120 G413R strains were 1.4-fold and 3.7-fold higher
than that of the parental strain, MB897, respectively, but that the infectivity of MB897
NLvpuTM was 0.42-fold lower. By using these viral supernatants and PHA-activated
human PBMCs, we performed in vitro viral replication assays. Although the viral growth
of MB897 NLvpuTM was similar to that of parental MB897, the MA M30R and gp120
G413R derivatives replicated more efficiently than the parental virus, with statistical
significance (Fig. 5G). Also, the cumulative amount of viral Gag in the culture super-
natants of the MA M30R and gp120 G413R strains was significantly higher than that of
the parental virus (Fig. 5H), suggesting that these two mutations positively contribute
to viral fitness in the culture of PHA-activated human PBMCs in vitro.

To elucidate the replication kinetics of these viruses in vivo, equal amounts of each
virus supernatant were used to inoculate five humanized mice in an in vivo competition
assay (Fig. 6A) (37). After 6 weeks, the five infected mice were euthanized and the
sequence of vRNA in the plasma was directly analyzed. As shown in Fig. 6B and C, the
replication capacity of the MA M30R derivative was comparable to that of the parental
virus, which suggests that the MA M30R mutation is not advantageous for viral
replication in vivo. In contrast, the proportions of the MB897 NLvpuTM and gp120
G413R derivatives were higher than that of the parental virus, which implies more-
efficient replication (Fig. 6B and C). Taken together, these findings suggest that the
acquisition of activity to antagonize tetherin (i.e., the mutation in vpu) and the aug-
mentation of viral infectivity (e.g., for gp120 G413R) are important for SIVcpz to fully
adapt to infect humans.

To further investigate the effect of adaptive mutations on the replication efficacy of
SIVcpz in vivo, we prepared an SIVcpzPtt MB897 derivative that possesses all three
mutations, MA M30R, NLvpuTM, and gp120 G413R, and designated it MB897 3mut. We
inoculated this virus into eight humanized mice at the same amount as parental MB897,

FIG 6 In vivo competition assay. (A) Scheme of the in vivo competition assay. In this assay, the 4 types of virus preparations containing 1.25 ng of p24 antigen
each were coinoculated into humanized mice. After 6 weeks, the infected mice were euthanized and the vRNA in plasma was sequenced. (B and C) Proportion
of each virus at 6 wpi. (B) The chromatograms of the sequences of input virus (left) and vRNA in the plasma of 5 infected mice (mouse identification numbers
are 74 to 78 and are identical to those in Table 1) at 6 wpi are shown. The chromatograms of the direct sequence of the regions of MA (top), Vpu (middle),
and gp120 (bottom) are represented, and the percentage of each sequence is indicated under the chromatogram. (C) The percentage of each mutant at 6 wpi
(left) and the fold change of each mutant from the parental virus (right) are shown. The values from each infected mouse are shown by dots. The horizontal
bars represent averages with SEMs. In the right panel, the numbers represent the fold change with respect to the parental virus. The values 25% (left) and 1
(right) are indicated by a broken horizontal line.
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and the plasma vRNA was longitudinally monitored until 9 wpi. As shown in Fig. 7A, we
found that the plasma vRNA of MB897 3mut was significantly higher than that of
parental MB897 after 5 wpi. We confirmed that no reversion occurred in all eight
infected mice. Moreover, the area under the curve of the plasma vRNA of the MB897
3mut derivative was significantly higher than that of parental MB897 (Fig. 7B). These
findings suggest that these three mutations beneficially contribute to the efficacy of
viral replication in vivo.

Finally, we evaluated the effect of the G-to-R mutation in gp120 on different virus
strains. Because this glycine is highly conserved in HIV-1/SIVcpz in the C4 region of
gp120, we changed this glycine of SIVcpzPtt strains EK505 (G403R) and MT145 (G412R)
and HIV-1 strain JR-CSF (G423R) to arginine. As shown in Fig. 7C, although this mutation
significantly increased the infectivity of MB897, the infectivity of the other viruses was
significantly decreased by this G-to-R mutation. Taken together, these findings suggest
that the G-to-R mutation in the C4 region of gp120 is beneficial only for SIVcpzPtt
MB897.

DISCUSSION

In this study, we inoculated three strains of SIVcpzPtt, MB897, EK505, and MT145,
into humanized mice and investigated the replication kinetics and pathogenicity of
SIVcpzPtt in vivo in comparison with those of HIV-1M and HIV-1N. Chimpanzees that
were naturally or artificially infected with SIVcpz have been used to assess viral
pathogenesis (48, 49). Indeed, one study previously suggested that wild chimpanzees
that are naturally infected with SIVcpz exhibit AIDS-like immunopathology and higher
rates of mortality than uninfected chimpanzees (50). However, as the use of chimpan-
zees for invasive experiments is now strictly and ethically prohibited, it is technically
difficult to conduct experiments that characterize the pathogenic effects of SIVcpz
infection in vivo. Moreover, because of viral diversity (i.e., SIVcpzPtt and SIVcpzPts,
where “Pts” indicates Pan troglodytes schweinfurthii) (12, 51, 52) and the hosts of these
viruses (i.e., chimpanzee subspecies, such as Pan troglodytes troglodytes and Pan
troglodytes schweinfurthii) (53), the outcome of SIVcpz infection in animals remains
unknown. Using our humanized-mouse model, we demonstrate that SIVcpzPtt effi-
ciently replicates in humanized mice (Fig. 2A). Moreover, we show that viral pathoge-
nicity (i.e., the decrease of peripheral CD4� T cells) significantly correlates with the level
of acute viremia. Lastly, infection with SIVcpzPtt MB897 yields a phenotype that is more
similar, in terms of acute viremia and pathogenicity, to that of HIV-1M than to that of
the other SIVcpzPtt (e.g., EK505 and MT145) and HIV-1N (Fig. 3) strains. As SIVcpzPtt

FIG 7 Investigation of the adaptive mutation of SIVcpz in humanized mice. (A and B) The virus supernatants containing 5 ng of p24 antigen (SIVcpzPtt parental
MB897 [n � 10] or MB897 3mut derivative [n � 8]) were inoculated into humanized mice, and the amounts of vRNA in the plasma (A) were analyzed at 0, 1,
2, 3, 5, 7, and 9 wpi. Each average with SEM is shown as a dot with an error bar, and the values from each mouse are shown by lines. x axes, numbers of weeks
postinfection. (A) The detection limit of HIV-1 RNA is 800 copies/ml plasma, and the results of parental MB897 are identical to those in Fig. 2A. (B) Area under
the curve of the plasma vRNA. (C) TZM-bl cell assay. One microgram of each IMC was individually transfected into HEK293T cells. Forty-eight hours
posttransfection, the culture supernatant was harvested as the virus preparation. The amount of viral particles was quantified by p24 ELISA, and the infectivity
of each virus was determined using the TZM-bl cell assay. The value of parental virus was set to 100 to facilitate comparison. This assay was performed in
triplicate, and averages with SDs are shown. (A and B) Asterisks indicate statistically significant differences (P � 0.05 by the Mann-Whitney U test) from parental
MB897. (C) Asterisks indicate statistically significant differences (P � 0.05 by Student’s t test) from the respective parental virus.
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MB897 is the phylogenetically closest SIVcpzPtt relative of HIV-M (Fig. 1A) (12), our
findings suggest that pandemic HIV-1 (i.e., HIV-1M) has emerged partly due to the
preadaptation of certain SIVcpzPtt strains, such as MB897.

Consistently with the previously proposed model (12–15), our findings support a
hypothesis that the exposure of certain MB897-related SIVcpzPtt viruses, as opposed to
other SIVcpzPtt strains, to humans in Central Africa resulted in the emergence of
pandemic HIV-1 following initial preadaptation. Intriguingly, based on the in vitro
culture of primary human CD4� T cells, the infectivity (Fig. 1C) and replication kinetics
of SIVcpzPtt MB897 (54) were similar to, or even lower than, those of the other SIVcpzPtt
strains and HIV-1 strains assessed. Therefore, this is the first report to demonstrate that
SIVcpzPtt MB897 has a virological phenotype similar to that of pandemic HIV-1.

To our knowledge, this is the first study to use HIV-1N, another HIV-1 group
originating from the cross-species transmission of SIVcpzPtt (12, 55, 56), in addition to
SIVcpzPtt, in a humanized-mouse model of infection. As only a dozen patients infected
with HIV-1N have been reported in Cameroon (18, 19), the pathogenicity and replica-
tion kinetics of HIV-1N in vivo have not been fully elucidated. Using our humanized-
mouse model, we demonstrate that two strains of HIV-1N, DJO1031 and YBF30,
undergo in vivo replication with kinetics (Fig. 2A) and associated pathogenic effects
(Fig. 2B) that are significantly lower than those of HIV-1M infection. Furthermore, the
acute viremia (Fig. 2F) in the PB of HIV-1N-infected humanized mice (Fig. 2F) was lower
than that of SIVcpzPtt MB897-infected mice. In this regard, previous molecular virology
studies have shown that the Vpu proteins of HIV-1N and SIVcpzPtt EK505, which are
phylogenetically related viruses (Fig. 1A), are less efficient at degrading CD4 molecules
than the Vpu proteins of HIV-1M and SIVcpzPtt MB897 (29, 57), although HIV-1N Nef is
functionally comparable to those of HIV-1M and SIVcpzPtt MB897 (58). Additionally,
most of the Vpu proteins encoded by HIV-1N strains, including DJO1031 and YBF30, are
incapable of antagonizing human tetherin, which is a restriction factor for HIV-1
replication (29, 57). In fact, we have previously demonstrated that HIV-1M Vpu antag-
onizes human tetherin and thereby promotes efficient viral replication in humanized
mice (39). Therefore, the reason for a significantly lower viral load in HIV-1N-infected
humanized mice than in mice infected with HIV-1M (Fig. 2A) may be partly the lack of
anti-tetherin activity. Furthermore, previous molecular phylogenetic studies have esti-
mated that HIV-1N originated in the 1960s (16) and is younger than HIV-1M, which is
estimated to have emerged in the 1920s (17). Taken together with these previous
reports, our findings further suggest that HIV-1N is not yet optimally adapted to infect
humans.

As only Vpu of HIV-1M commonly confers the ability to counteract human tetherin
(29), the acquisition of the ability to antagonize human tetherin by HIV-1M Vpu may
have contributed to the worldwide HIV-1M pandemic (25). In fact, through an
experimental-mathematical approach, we have recently reported that human tetherin
works as a factor of intrinsic herd immunity against HIV-1 but that HIV-1M Vpu
overcomes human tetherin-mediated herd immunity and enhances the efficiency of
human-to-human transmission (31). Moreover, Sauter et al. (57) revealed that the Vpu
protein of an HIV-1N strain N1Fr2011, which has recently been introduced into Europe
from Cameroon (59), has the ability to antagonize human tetherin. This observation
further suggests the importance of Vpu-mediated human tetherin antagonism in viral
spread throughout the human population. Furthermore, as described above, we have
previously demonstrated that Vpu of HIV-1M promotes viral replication in humanized
mice via loss-of-function experiments (39). Additionally, for this study, we performed
gain-of-function experiments using SIVcpzPtt MB897 NLvpuTM, a mutant of MB897 that
incorporates the Vpu transmembrane region of HIV-1M, to demonstrate that the ability
to antagonize human tetherin promotes the efficiency of viral replication in humanized
mice (Fig. 6). Our findings strongly suggest that harnessing an antagonistic ability
against human tetherin by Vpu is a crucial step for SIVcpzPtt to fully adapt to infect
humans.

Through analyzing the full-length sequences of vRNA in mice infected with SIVcpzPtt,
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we detected a common mutation, gp120 G413R, in SIVcpzPtt MB897-infected mice (Fig.
4A). This mutant was already detected in a previous study by Yuan et al. (33), but the
virological effect of this mutation has not been addressed. Interestingly, we herein dem-
onstrate that this mutation increases viral infectivity in vitro (Fig. 4B) and replication efficacy
in humanized mice (Fig. 6). Our results suggest that gp120 G413R is a favorable mutation
for SIVcpzPtt MB897 to infect humans by augmenting viral infectivity. To the best of our
knowledge, this is the first study to demonstrate an adaptive mutation of SIVcpzPtt to infect
humans in vivo and further implies that the augmentation of viral infectivity is a crucial step
for modulating the viral fitness of SIVcpzPtt in humans. Moreover, as this nonsynonymous
mutation that we found is in gp120, it is assumed that the gp120 G413R mutation may
improve the ability of SIVcpzPtt MB897 to use human CD4 and/or CCR5 as opposed to
chimpanzee receptors and further promote viral adaptation to humans. This issue is
intriguing and will be addressed in a future investigation.

Regarding adaptive mutations of SIVcpzPtt, the M30K/R substitution in Gag MA is
considered a species-specific adaptive change based on the following three observa-
tions: (i) arginine (R) or lysine (K) at position 30 of MA is a highly conserved residue in
HIV-1, while all SIVcpzPtt viruses detected thus far encode methionine at this position
(43); (ii) chimpanzee-adapted HIV-1 viruses, strains JC16 and NC7 (60), encode methi-
onine (M) at position 30 of MA (43); and (iii) the M30K/R mutation facilitates SIVcpzPtt
replication in human tonsil histoculture ex vivo (32). However, how the amino acid at
position 30 of MA contributes to species-specific adaptation remains unclear. In accor-
dance with these previous studies, we used an MA M30R derivative of SIVcpzPtt MB897
to assess differences in replication efficiency. Although the viral growth of the MA M30R
derivative was significantly higher than that of parental MB897 in in vitro culture of
activated human CD4� T cells (Fig. 5G and H), the replication kinetics of this derivative
in humanized mice was comparable to that of parental virus (Fig. 6). Taken together
with those of previous studies (32, 43, 60), our findings imply that the impact of the
amino acid at position 30 of MA may depend on the experimental systems used. In fact,
this M30K/R mutant did not emerge de novo in our humanized mice infected with
SIVcpzPtt (Fig. 4A), and a previous study using a BLT– humanized-mouse model (33). To
elucidate the functional effect of the M30K/R substitution in Gag MA on viral fitness,
further investigations using various experimental systems will be needed. The evolu-
tionary scenario of the emergence of HIV-1 from SIVcpz might be a more complicated
event than expected, and therefore, multiple experimental approaches are crucial to
address this issue. Although we did not observe a clear difference on the M30R
derivative in infected humanized mice, here we provided conclusive evidence that
gp120 M143R and vpu mutants positively contribute to viral fitness in vivo (Fig. 6).

Although the acute vRNA level of SIVcpzPtt MB897-infected mice was comparable to
that of HIV-1M-infected mice and was significantly higher than those of the mice
infected with HIV-1N and the other SIVcpzPtt strains (Fig. 2A and B), the chronic vRNA
level of SIVcpzPtt MB897-infected mice was significantly lower than that of HIV-1M-
infected mice (Fig. 2A). Also, the levels of chronic vRNA of the mice infected with
HIV-1N, SIVcpzPtt EK505, and SIVcpzPtt MT145 were significantly lower than that of
mice infected with HIV-1M (Fig. 2A). These observations suggest that HIV-1M is more
optimally adapted to infect humans than the other viruses. Importantly, only HIV-1M
Vpu potently antagonizes the antiviral action of human tetherin (29), and our
experimental-mathematical analyses have recently shown that HIV-1M Vpu markedly
increases the rate of viral replication in vivo (47). All together, these findings strongly
suggest that the Vpu-tetherin interaction may be a critical step for increasing viral
fitness in vivo. On the other hand, consistently with previous reports (45, 61), human
APOBEC3F and APOBEC3G, which represent another type of antiviral restriction factor,
were efficiently counteracted by the action of SIVcpzPtt Vif (Fig. 4B), suggesting that the
Vif-APOBEC3 interaction is not a human-specific hurdle, at least for SIVcpzPtt. Our
findings raise the possibility of a not-yet-identified factor(s) that maintains a high vRNA
level in vivo during the chronic phase of infection and that can be antagonized only by
HIV-1M. In this regard, we directly demonstrated that the chronic vRNA level of the
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MB897 3mut derivative was significantly higher than that of parental MB897 (Fig. 7A).
Taken together, this is the first report directly demonstrating the adaptation of SIVcpz
to humans in vivo.

A study conducting SIVcpz infection using a BLT– humanized-mouse model was
reported by Yuan et al. during the preparation of this paper (33). Compared to this
paper (33), however, our study reports at least three major updates. First, we tested the
viral fitness of two HIV-1 groups, M and N, both of which originated from the
cross-species transmission of SIVcpzPtt (12). Although the virological characteristics of
nonpandemic HIV-1N strains are of interest in considering the evolutionary scenario of
HIV-1/SIVcpz, only a few studies have been conducted, and little is known about this
issue. To our knowledge, this is the first study recapitulating the viral pathogenesis of
HIV-1N in an in vivo model and providing insights into virological characteristics of
HIV-1N. Second, through statistical analyses of various virological parameters, we
showed that there is a statistically significant correlation between the viral load during
the acute phase of infection and the level of CD4� T-cell decrease in PB (Fig. 3). Based
on these findings, we provide evidence suggesting that SIVcpzPtt strain MB897, which
is the strain phylogenetically closest to pandemic HIV-1, potently exhibits virological
characteristics similar to those of pandemic HIV-1. Third, we detected a de novo
mutation in the env gene of MB897-infected mice (Fig. 4A). Although this mutation was
already identified by Yuan et al. (33), its effect on viral infection and replication had not
been addressed. For this study, we prepared an IMC of strain MB897 harboring this
mutation and revealed that the gp120 M413R mutation significantly increases viral
infectivity in vitro (Fig. 4D and 5G and H) and in vivo (Fig. 6). These findings are novel
and strongly suggest that the gp120 M143R mutation is beneficial for SIVcpzPtt strain
MB897 to augment viral infectivity and presumably to promote viral adaptation to
humans.

MATERIALS AND METHODS
Ethics statement. All procedures, including animal experiments, were conducted by following the

guidelines for the care and use of laboratory animals of the Ministry of Education, Culture, Sports,
Science, and Technology of Japan (62). The authors received approval from the Institutional Animal Care
and Use Committees (IACUC)/ethics committee of the institutional review board of Kyoto University
(protocol number D13-25). All protocols involving human subjects were reviewed and approved by the
Kyoto University institutional review board. All human subjects provided written informed consent from
adults.

Humanized mice. NOG mice (NOD SCID Il2r knockout mice) (63) were obtained from the Central
Institute for Experimental Animals (Kawasaki, Kanagawa, Japan). The mice were maintained under
specific-pathogen-free conditions and were handled in accordance with the regulation of the IACUC/
ethics committee of Kyoto University. Human CD34� hematopoietic stem cells were isolated from human
fetal liver as previously described (64). The humanized-mouse model (with NOG-hCD34 mice) was
constructed as previously described (34–36, 38, 39, 65). Briefly, 86 newborn (aged 0 to 2 days) NOG mice
from 29 litters were irradiated with X rays (10 cGy per mouse) using an RX-650 X-ray cabinet system
(Faxitron X-ray Corporation) and were then intrahepatically injected with the obtained human-fetal-liver-
derived CD34� cells (7.3 � 104 to 40.0 � 104 cells). A list of the humanized mice used in this study is
provided in Table 1.

Cell culture. HEK293T cells (a human embryonic kidney 293 T cell line; ATCC CRL-1573) and TZM-bl
cells (obtained through the NIH AIDS Research and Reference Reagent Program) (66) were maintained
in Dulbecco’s modified Eagle’s medium (Sigma) containing fetal calf serum (FCS) and antibiotics. MT-4
cells (a human T cell leukemia cell line) and PHA-activated human PBMCs were maintained in RPMI 1640
(Sigma) containing FCS and antibiotics. Human PBMCs were activated with PHA (Sigma; 1 �g/ml) and
maintained with human interleukin-2 (100 U/ml) as previously described (39, 67).

Molecular phylogenetics. The 17 concatenated HIV-1/SIVcpz protein sequences (Gag, Pol, Vif, Vpr,
Tat, Rev, Vpu, Env, and Nef) were aligned using Clustal W implemented in MEGA5 (68). Then, the
phylogenetic tree was reconstructed using the maximum-likelihood method with the LG�G model using
PhyML3.1 (69).

Plasmid construction. To construct pMB897 gp120 G413R, overlap extension PCR was performed
using PrimeSTAR GXL DNA polymerase (TaKaRa) according to the manufacturer’s protocol, pMB897 as
the template, and the following primers: MB897-I-F1, MB897-I-R1 (Table 2), pMB897 7017-7050 fwd
(5=-CAG TGG CAA GGA GTA AGA AAA GGA ATC TTT GCA C-3=), and pMB897 7017-7050 rev (5=-GTG CAA
AGA TTC CTT TTC TTA CTC CTT GCC ACT G-3=). The resulting DNA fragment was digested with NheI and
StuI and then subcloned into the NheI-StuI site of pMB897. To construct pMB897 NLvpuTM, overlap
extension PCR was performed using PrimeSTAR GXL DNA polymerase according to the manufacturer’s
protocol, with pMB897 as the template, and the following primers: CON-F-F1, MB897-H-R1 (Table 2),
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TABLE 1 Humanized mice used in this study

Mouse

Recipient
mouse Transplanted hHSCsc

Inoculated virus
Inoculated age
(no. of wks)Lota Sexb Donor lotd No. of cells

1 74 M A 73,000 Mock 14
2 75 F A 73,000 Mock 14
3 76 F A 73,000 Mock 14
4 96 F B 120,000 Mock 14
5 96 M B 120,000 Mock 14
6 165 F C 170,000 MB897 14
7 165 M C 170,000 JRCSF 14
8 165 M C 170,000 MB897 14
9 168 F C 130,000 AD8 15
10 168 F C 130,000 AD8 15

11 168 F C 130,000 MB897 15
12 168 M C 130,000 MB897 15
13 168 M C 130,000 EK505 15
14 168 M C 130,000 Mock 15
15 169 F C 135,000 Mock 13
16 169 F C 135,000 MB897 13
17 169 M C 135,000 EK505 13
18 169 M C 135,000 EK505 13
19 169 M C 135,000 MT145 13
20 169 M C 135,000 MT145 13

21 171 M D 80,000 Mock 15
22 171 M D 80,000 Mock 15
23 173 F C 80,000 MB897 15
24 173 F C 80,000 Mock 15
25 173 F C 80,000 AD8 15
26 173 M C 80,000 MB897 15
27 177 M D 100,000 Mock 15
28 179 M E 400,000 JRCSF 17
29 180 F D 200,000 Mock 11
30 180 F D 200,000 Mock 11

31 181 F F 180,000 EK505 10
32 181 F F 180,000 EK505 10
33 181 F F 180,000 EK505 10
34 181 F F 180,000 MT145 10
35 181 M F 180,000 MT145 10
36 191 F G 230,000 JRCSF 19
37 191 F G 230,000 JRCSF 19
38 191 M G 230,000 AD8 19
39 191 M G 230,000 JRCSF 19
40 192 M F 260,000 AD8 17

41 192 M F 260,000 AD8 17
42 194 F E 100,000 MB897 15
43 194 F E 100,000 MB897 15
44 194 F E 100,000 MB897 15
45 194 M E 100,000 DJO0131 15
46 194 M E 100,000 DJO0131 15
47 195 F F 120,000 EK505 17
48 195 M F 120,000 MT145 17
49 195 M F 120,000 MT145 17
50 195 M F 120,000 MT145 17

51 196 F F 120,000 EK505 16
52 196 F F 120,000 DJO0131 16
53 196 F F 120,000 DJO0131 16
54 196 M F 120,000 DJO0131 16
55 196 M F 120,000 DJO0131 16
56 197 F G 100,000 EK505 16
57 197 M G 100,000 Mock 16
58 197 M G 100,000 DJO0131 16

(Continued on next page)
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MB897 NLvpuTM fwd (5=-ATT AGT AGT AGC AAT AAT AAT AGC AAT AGT TGT GTG GTC CAT AGT AAT CAT
ATG TTA TAA GGC ACT TAA AAG AC-3=), and MB897 NLvpuTM rev (5=-TTG CTA TTA TTA TTG CTA CTA CTA
ATG CTA CTA TTG CTA CTA TTA TTA TTT CCA TAT ATT ATA TTA CAC TTA TT-3=). The resulting DNA
fragment was digested with HpaI and AclI and then subcloned into the HpaI-AclI site of pMB897. The
sequences of these constructed plasmids were confirmed by Sanger sequencing. pMB897 matrix (MA)
M30R was kindly provided by Frank Kirchhoff (Ulm University, Ulm, Germany) (32).

Virus preparation and infection. The following viruses were used in this study: 4 strains of HIV-1M,
namely, NL4-3 (70), NLCSFV3 (71), JRCSF (72), and AD8 (73); 2 strains of HIV-1N, namely, YBF30 (obtained
from the NIH reagent program) and DJO0131 (kindly provided by Frank Kirchhoff and Beatrice H. Hahn)
(57); and 3 strains of SIVcpzPtt, namely, MB897, EK505, and MT145 (kindly provided by Beatrice H. Hahn).
The accession numbers and brief characteristics of these viruses are summarized in Fig. 1B. To prepare
virus supernatants for the experiments using humanized mice, 30 �g of IMCs was transfected into
HEK293T cells according to the calcium phosphate method as previously described (38–41). At 48 h
posttransfection, the culture supernatant was harvested, centrifuged, and then filtered through a
0.45-�m filter (Millipore) to obtain the virus supernatant. The amount of viral particles (Gag) was
quantified using an HIV-1 p24 antigen enzyme-linked immunosorbent assay (ELISA) kit (Zeptometrix).
Virus supernatants containing 5 ng (Fig. 2 and 7A) or 1.25 ng (Fig. 6) of Gag antigen were intraperito-
neally inoculated into NOG-hCD34 mice. RPMI 1640 was used for mock infection. For the viral replication
assay in in vitro cell cultures, PHA-activated human PBMCs were prepared as described above. These cells
were infected with each virus at a multiplicity of infection (MOI) of 0.1, and the culture supernatant was
harvested every 2 days as previously described (39, 67). The amount of viral particles in the culture
supernatant was quantified using an HIV-1 p24 ELISA kit (Zeptometrix) as described above.

PB collection, mononuclear cell isolation, and quantification of HIV-1 vRNA in plasma. PB and
plasma were routinely collected as previously described (34, 38–41). The mice were euthanized at 15
weeks postinfection (wpi) (Fig. 2) with anesthesia, and the spleen was crushed, rubbed, and suspended
as previously described (34, 38–41). To obtain splenic human mononuclear cells, the splenic cell
suspension was separated using Ficoll-Paque (Pharmacia) as previously described (34, 38–41). The

TABLE 1 (Continued)

Mouse

Recipient
mouse Transplanted hHSCsc

Inoculated virus
Inoculated age
(no. of wks)Lota Sexb Donor lotd No. of cells

59 197 M G 100,000 DJO0131 16
60 198 M G 100,000 MB897 16

61 198 M G 100,000 MT145 16
62 198 M G 100,000 MT145 16
63 198 M G 100,000 DJO0131 16
64 198 M G 100,000 DJO0131 16
65 198 M G 100,000 MB897 16
66 208 F H 100,000 DJO0131 15
67 208 M H 100,000 YBF30 15
68 208 M H 100,000 YBF30 15
69 208 M H 100,000 YBF30 15
70 209 F I 100,000 YBF30 14

71 209 F I 100,000 YBF30 14
72 209 F I 100,000 YBF30 14
73 209 M J 100,000 DJO0131 14
74 214 M K 196,000 MB897 derivatives 18
75 214 M K 196,000 MB897 derivatives 18
76 215 F L 100,000 MB897 derivatives 15
77 215 F L 100,000 MB897 derivatives 15
78 215 M L 100,000 MB897 derivatives 15
79 274 M M 100,000 MB897 3mut 21
80 278 F N 130,000 MB897 3mut 15

81 279 F O 113,000 MB897 3mut 15
82 281 F P 110,000 MB897 3mut 14
83 283 M Q 250,000 MB897 3mut 14
84 283 M Q 250,000 MB897 3mut 14
85 283 M Q 250,000 MB897 3mut 14
86 283 M Q 250,000 MB897 3mut 14
aTwenty-nine lots of newborn NOG mice were used as the recipient.
bF, female; M, male.
chHSCs, human CD34� hematopoietic stem cells.
dNOG– human-CD34 mice were reconstructed with one of 17 donors.
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amount of HIV-1 RNA in 50 �l plasma was quantified by Bio Medical Laboratories, Inc. (the detection limit
of HIV-1 RNA is 800 copies/ml).

Flow cytometry and hematometry. Flow cytometry was performed with a FACSCanto II instrument
(BD Biosciences) as previously described (34, 38–41), and the obtained data were analyzed with Cell

TABLE 2 Primers used for the sequencing of full-length viruses

Virus
strain Fragment Primer name Sequence of forward primer (5= to 3=) Primer name Sequence of reverse primer (5= to 3=)

Amplicon
length (bp)

MB897 A CON-A-F1 ACTGGGTCTCTCTKGTTAGACC MB897-A-R1 CTTTTACTCTAATTCTTTGATG 553
MB897-A-F2 GTCTCTCTKGTTAGACCAGATT MB897-A-R2 TTCTGATCCTGTTGTGAGAGCTGG

B CON-B-F1 ATGGGTGCGAGAGCGTC CON-B-R1 TCYTTKCCACAATTRAARCA 1,115
CON-B-F2 ATGAAACATTTAGTATGGGCAAG MB897-B-R2 GCTTCWGCTARNACYCTWGCCTTATG

C MB897-C-F1 AGAGTGGGACAGGACACACC CON-C-R1 CTTCATCTAGGGGGCATGAA 1,430
MB897-C-F2 GCAGGGACAACTAGCACCAT MB897-C-R2 TCCTAGCTGGACTTCCCAAA

D MB897-D-F1 GGGAATTGGAGGTTTTATAAAAGTAAGAC MB897-D-R1 CAGATGACTATACTTTCCAGGGCTACT 1,062
MB897-D-F2 AAAGAGCAATAGGTACAGTATTAGTAGGGC MB897-D-R2 TAACTCTAATTCTGCTTCCTGTGTGAG

E MB897-E-F1 TCCAGCTAGGAATACCACACCC MB897-E-R1 TGAATGATCCCTAATGCATATTGTG 1,118
MB897-E-F2 CCAGTACATGGATGATCTATATGTAGGATC MB897-E-R2 TCCCTCTATCAGTTACATATCCTGCTTT

F CON-F-F1 TGGTGGDCWGANTAYTGGCA CON-F-R1 ACBACYGCNCCTTCHCCTTTC 1,009
CON-F-F2 ACCTGGATHCCHGANTGGGA CON-F-R2 CCAATYCCYCCYYTTYKYTTAAAATT

G MB897-G-F1 GAATTTGGAATTCCCTACAATCC MB897-G-R1 AGTTTTAGGCTGACTTCCTGGATG 1,213
MB897-G-F2 CAATGAACAAAGAGTTAAAGAAAAT MB897-G-R2 TCTARRYTAGGATCTAYTGGCTCCAT

H MB897-H-F1 GCTATMATAAGAATYCTGCAACAACT MB897-H-R1 TTTGGACAAGCCTGGGTTATGGCTG 970
MB897-H-F2 TGYCAWCATAGCAGAATAGGCAT MB897-H-R2 CTTCTTATCTCTTAATTCTGT

I MB897-I-F1 GCATGGAACAATAACATGGTAGACCAAATG MB897-I-R1 TTCTGGCCTGTACCGTCAGCGT 1,249
MB897-I-F2 GGGATCAAAGCCTAAAGCCATGTG CON-I-R2 GCGCCCATAGTGCTTCCTGCT

J MB897-J-F1 GTGCAGAATAAGACAAATTGTAA MB897-J-R1 AAGGGGTCTGGAACGACAAAGGTG 818
MB897-J-F2 TGGCAAAGAGTAGGGAAAGGAAT CPZ-J-R2 TCCTACTATCATTATGAATATTTTTATATA

K MB897-K-F1 GAAAGAGATTGATAACTACACAGA CON-K-R1 CACTCAAGGCAAGCTTTAT 1,428
MB897-K-F2 TGGTCAAGCCTGTGGAATTGGTT CON-K-R2 AAGGCAAGCTTTATTGAGGC

EK505 A CON-A-F1 ACTGGGTCTCTCTKGTTAGACC EK505-A-R1 AGCTTCCTGTGTATTCTGTACC 553
EK505-A-F2 GTCTCTCTKGTTAGACCAGATT EK505-A-R2 CAGTCCTTCTGACCCTGTTTTGAG

B CON-B-F1 ATGGGTGCGAGAGCGTC EK505-B-R1 TAGATGGCCCTCTTTACCAC 1,121
EK505-B-F2 ACTTAGTATGGGCAAGCAGGGA EK505-B-R2 TTGTGCCTGTGTCATGGCTT

C EK505-C-F1 AGAGTGGGACAGGGGACAT EK505-C-R1 TTCTTCTTTAGCCCTGCTGG 1,438
EK505-C-F2 CCAAGAGGAAGTGATATAGC EK505-C-R2 GGGATTCCTAATTGTACTTCC

D CON-D-F1 ATGATAGGGGGAATTGGAGG EK505-D-R1 CTGCTTCTGGATCTCTGCTA 1,084
EK505-D-F2 GGGAAAAAAGCAGTTGGCACAG EK505-D-R2 TCCCTATTCTCAGCTAACTC

E EK505-E-F1 GGGAAGTACAATTAGGAATCCCAC EK505-E-R1 TTGTCCTGCATCTTGTAAGG 1,151
EK505-E-F2 CCATTTAGGAAGAACAATCCAG EK505-E-R2 TTTCTGAGATAGAGGTCACC

F EK505-F-F1 TGGTGGACAGAGTATTGGCA EK505-F-R1 AACCATCACCTGCCATCTGT 1,260
EK505-F-F2 ACTTGGATTCCTGATTGGGA EK505-F-R2 GGACTACTTTTATATCCCCG

G EK505-G-F1 CCTACAATCCTCAAAGTCAGGG EK505-G-R1 AGGAGTTCTTCGTCGTTGAC 1,321
EK505-G-F2 GGGTGCAGTAGAATCCATGAA EK505-G-R2 TTCCTGCCATATGAGATGCC

H EK505-H-F1 GTAGAGGCCATCATTAGGAC EK505-H-R1 AATGGCAAATCCTGGTGGTG 1,096
EK505-H-F2 GGCTGTCAACATAGCAGGATAG EK505-H-R2 TTTTAGGACAGGCCTGTGTC

I EK505-I-F1 TTCAGATGCTAAGGCCCATA EK505-I-R1 ACACACAGATTTTCCTGAGC 1,463
EK505-I-F2 GAGGCTCACAATATTTGGGC EK505-I-R2 AAGTGTTGTTGCGCCTCTAT

J EK505-J-F1 GGACAAGAGTAGGAAAAGGA EK505-J-R1 TAAGAATCCGCTCACTAAGC 940
EK505-J-F2 GGAAAAGGAATTTATGCTCCGC EK505-J-R2 TAGCTCTCCAGCGTCTTCTT

K EK505-K-F1 CATTTTTGGGCTGCTAGAGC CON-K-R1 CACTCAAGGCAAGCTTTAT 1,489
EK505-K-F2 GACATTACAAAATGGCTGTGG CON-K-R2 AAGGCAAGCTTTATTGAGGC

MT145 A MT145-A-F1 CAAGGGTCTCTCTTGGTAGACC MT145-A-R1 ACGGCAGCTTTCAGTTTCTG 655
MT145-A-F2 GTCTCTCTTGGTAGACCAGATC MT145-A-R2 CCTGTTGTGTGTCTTCCACT

B CON-B-F1 ATGGGTGCGAGAGCGTC CON-B-R1 TCYTTKCCACAATTRAARCA 1,124
CON-B-F2 ATGAAACATTTAGTATGGGCAAG MT145-B-R2 AGGTCTATTTTGTCCCCCTC

C MT145-C-F1 CAGTGACATAGCAGGCACTA MT145-C-R1 CTCCATTTGGTGCTGTCCTT 1,204
MT145-C-F2 CARAATGCNAAYCCAGA CON-C-R1 CTTCATCTAGGGGGCATGAA

D CON-D-F1 ATGATAGGGGGAATTGGAGG MT145-D-R1 GGTCATAGTAGGCTCCATGT 1,072
MT145-D-F2 CCAGTACTGTATTAGTAGGACC MT145-D-R2 GCCAGTTCTAGTTCAGCTTC

E MT145-E-F1 AGGATGGAAGGGATCTCCTT MT145-E-R1 GTGGTCTGGGTGTGATTGTA 1,049
MT145-E-F2 GACTTGTATGTGGGCTCAGA MT145-E-R2 TATTGGGAGTCAGTGACCAC

F CON-F-F1 TGGTGGDCWGANTAYTGGCA CON-F-R1 ACBACYGCNCCTTCHCCTTTC 1,054
CON-F-F2 ACCTGGATHCCHGANTGGGA CON-F-R2 CCAATYCCYCCYYTTYKYTTAAAATT

G MT145-G-F1 AAGCAGAAGTCATCCCTGCT MT145-G-R1 TCTAGGTTTGCTCCCTGGAT 1,368
MT145-G-F2 GGAAGATGGCCAGTAAAGAC MT145-G-R2 AGTCAGGCTCTATTGGTTCC

H MT145-H-F1 TCTGCCCTCAGTAGCAAAGT MT145-H-R1 AAATCAGTTGGGTGGTTGCC 1,355
MT145-H-F2 ACCATCAAGAGAGCCCTATG MT145-H-R2 AAATCCTGCTGGTGCACAGT

I MT145-I-F1 AAGCTCATAACATCTGGGCC CON-I-R2 GCGCCCATAGTGCTTCCTGCT 1,332
MT145-I-F2 CCCAAGCTTGTGTACCTACT MT145-I-R2 AGAAACAGTGCTCCTAGTCC

J MT145-J-F1 CGAGAAGATCAGGGAGAAGA MT145-J-R1 ATCCCACTTCTTCATCCTGC 1,352
MT145-J-F2 CAGGGAGAAGATCAGGATCA MT145-J-R2 TGTGATACTTCCCCTACTCC

K MT145-K-F1 CCTCTACCACCAATTGAGAG CON-K-R1 CACTCAAGGCAAGCTTTAT 1,164
MT145-K-F2 CCTCAGGGGAGTACAACAAA CON-K-R2 AAGGCAAGCTTTATTGAGGC
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Quest software (BD Biosciences) and FlowJo software (Tree Star, Inc.). For flow cytometry analysis,
anti-CD45–phycoerythrin (PE) (HI30; Biolegend), anti-CD3–allophycocyanin (APC)–Cy7 (HIT3a; Biolegend),
anti-CD4 –APC (RPA-T4; Biolegend), antitetherin-APC (RS38E; Biolegend), and anti-p24 (Gag)–fluorescein
isothiocyanate (FITC) (Kal-1; Dako) antibodies were used. For costaining with intracellular Gag, surface
proteins (CD45, CD3, CD4, and tetherin) were stained prior to fixation. Then, the cells were fixed and
permeabilized using a Cytofix/Cytoperm solution (BD Biosciences), and intracellular Gag proteins were
subsequently stained as previously described (39, 40). Hematometry was performed with a Celltac �

MEK6450 analyzer (Nihon Kohden Co.) as previously described (38–41, 65).
Transfection, TZM-bl cell assay, and Western blotting. Transfection, the TZM-bl cell assay, and

Western blotting were performed as previously described (38–41). For Western blotting, anti-Flag
antibody (M2; Sigma), antihemagglutinin (anti-HA) antibody (3F10; Roche), anti-p24 antiserum (ViroStat),
and anti-�-tubulin (TUBA) antibody (DM1A; Sigma) were used.

Sequencing PCR. Sequencing PCR was performed as previously described (41). Briefly, vRNA was
extracted from the plasma of infected mice at 15 wpi (Fig. 4A) using a QIAamp viral RNA minikit (Qiagen),
and cDNA was prepared as previously described (41). Reverse transcription-PCR (RT-PCR) was performed
using PrimeSTAR GXL DNA polymerase according to the manufacturer’s protocol, and the primers used
are listed in Table 2. The resulting DNA fragments (fragments A to K) (Fig. 4A) were directly sequenced,
and the sequence was analyzed with Sequencher v5.1 software (Gene Codes Corporation).

3D homology modeling of SIVcpzPtt MB897 gp120. The three-dimensional (3D) structures of
SIVcpzPtt MB897 and its G413R mutant were simulated by the Swiss-Model Server Program (http://
swissmodel.expasy.org/) (74–77) based on the crystal structure of HIV-1 clade C strain ZM176.66 gp120
(PDB accession number 4JST) (78) as the template. The generated structure model was refined by energy
minimization using the ModRefiner algorithm (79). The structural images were modified and visualized
with Pymol 2.0 software.

In vivo competition assay. The in vivo competition assay (Fig. 6) was performed as previously
described (37). Briefly, four SIVcpzPtt MB897-related viruses (the parental virus MB897, MB897 MA M30R,
MB897 NLvpuTM, and MB897 gp120 G413R) in preparations containing 1.25 ng of Gag antigen were
mixed and were intraperitoneally inoculated into NOG hCD34 mice. At 6 wpi, the infected mice were
scarified and vRNA was isolated from the plasma as described above. RT-PCR was performed using
PrimeSTAR GXL DNA polymerase according to the manufacturer’s protocol and the following primers
(listed in Table 2): for the MA region, MB897-A-F2 and MN897-A-R2; for the Vpu region, MB897-H-F2 and
MB897-H-R2; and for gp120, MB897-I-F2 and MB897-I-R2. The resulting DNA fragments (Fig. 4A) were
directly sequenced, and the sequence was analyzed with Sequencher v5.1 software (Gene Codes
Corporation). A similar experiment was performed using the mixed-input virus supernatant and con-
firmed that each virus was equally present (i.e., at approximately 25% [see the left panel of Fig. 6B]). The
percentage of each virus at 6 wpi (Fig. 6C, left panel) was determined using Sequencher v5.1 software
according to the procedure previously reported (32). The fold change of each virus at 6 wpi (Fig. 6C, right
panel) was calculated as follows: (percentage of the mutant sequence at 6 wpi/percentage of the
parental sequence at 6 wpi)/(percentage of the mutant sequence in the input/percentage of the parental
sequence in the input).

Statistics. The data are presented as averages � standard deviations (SDs) or standard errors of the
means (SEMs). Statistically significant differences were determined by Student’s t test or the Mann-
Whitney U test. To determine statistically significant correlations (Fig. 3), the Spearman rank correlation
test was applied to the data.

TABLE 3 Accession numbers of HIV-1 and SIVcpz used in Fig. 1A

Virus Strain
GenBank
accession no.

HIV-1M HXB2 K03455.1
HIV-1M NL4-3 M19921.2
HIV-1M JRCSF M38429.1
HIV-1M AD8 AF004394.1
SIVcpzPtt MB897 JN835461.1
HIV-1N YBF30 AJ006022.1
HIV-1N DJO0131 AY532635.1
SIVcpzPtt EK505 JN835460.1
SIVcpzPtt MT145 JN835462.1
SIVcpzPtt GAB1 X52154.1
SIVcpzPtt GAB2 AF382828.1
SIVcpzPtt CAM3 AF115393.1
SIVcpzPtt CAM5 AJ271369.1
SIVcpzPtt CAM13 AY169968.1
SIVcpzPtt US_Marilyn AF103818.1
SIVcpzPts ANT U42720.2
SIVcpzPts TAN1 EF394356.1
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